intracellular pH; PME, phosphomonoesters. tracellular ADP, which can be calculated if one assumes that the creatine kinase reaction is in equilibrium, de creased to approximately one-third of its control value. The calculated threefold decrease in the concentration of free ADP and twofold increase in the cytosolic phos phorylation potential suggest that there is increased in tracellular oxygenation during supercarbia. Because a more than fourfold increase in intracellular hydrogen ion concentration was tolerated without apparent clinical in jury, we conclude that so long as adequate tissue oxy genation and perfusion are maintained, a severe decrease in intracellular pH need not induce or indicate brain in jury.
Summary: 31p nuclear magnetic resonance (NMR) spec troscopy was used noninvasively to measure in vivo changes in intracellular pH and intracellular phosphate metabolites in the brains of rats during supercarbia (P aco2 "" 400 mm Hg). Five intubated rats were mechanically ventilated with inspired gas mixtures containing 70% CO2 and 30% 02' Supercarbia in the rat was observed to cause a greater reduction in cerebral intracellular pH (pH) and increase in Peo2 than observed in other experiments with rats after 15 min of global ischemia. Complete neurologic and metabolic recovery was observed in these animals, de spite an average decrease in pHj of 0.63 ± 0.02 pH unit during supercarbia episodes that raised Paco2 to 490 ± 80 mm Hg. No change was observed in cerebral intra cellular ATP and only a 25% decrease was detected in phosphocreatine. The concentration of free cerebral in-SUPERCARBIA AND BRAIN ENERGY METABOLISM Ischemia and hypoventilation in clinical situa tions can cause hypercarbia in brain cells. During these conditions, some cells usually will also suffer from inadequate oxygen availability. Deleterious consequences of hypercarbia are known to arise from secondary physiological phenomena such as seizures, sympathetic stimulation, and certain ef fects of acidosis, such as cardiac irritability and de creased oxygen availability due to a right shift of the hemoglobin dissociation curve (Nunn, 1977) .
However, carbon dioxide itself, even at high levels, is not known to be directly cytotoxic. In the early 1800s, carbon dioxide was used by Henry Hill Hickman, an English general practitioner, for in halation anesthesia in animals (Eger, 1985) . Ap proximately 10 years ago, Nunn (1977) described physiological responses during supercarbia (P a co 2 ?:400 mm Hg). This investigation suggested that all of the vital organs can tolerate very high levels of P a co 2 , together with the concomitant decrease in intracellular pH.
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Changes in cerebral intracellular metabolite con centrations during hypercarbia have been studied in rats using invasive biochemical techniques (Siesjo et aI., 1972) and noninvasive 3 1 p nuclear magnetic resonance (NMR) methodologies (Nioka et al., 1984; Petroff et aI., 1984) . During hypercarbia there is rapid passive diffusion of CO 2 across membranes, most of which are impermeable to ions, and an in-crease in the concentrations of intracellular bicar bonate and hydrogen ions. Changes ensue in the phosphocreatine (PCr) concentration and the lac tate/pyruvate ratio because of the [H +] dependence of the equilibrium of the creatine phosphokinase and lactate dehydrogenase reactions. Hypercarbia per se is not known to cause energy failure. When CO -containing gas mixtures were used in one study to r�ise P aco2 to 266 mm Hg, cerebral intracellular pH (pHi) fell by 0.36 unit, PCr decreased by �40%, and ATP remained unchanged (Siesjo et al., 1972) . In that study, a constant concentration of halothane was maintained throughout the experiment. The ad ministration of an inhalation anesthetic agent during supercarbia is unnecessary for two reasons. First, very high tensions of CO2 are known to have an anesthetic effect (Eisele et al., 1967 ). An intracel lular partial pressure of =250 mm Hg of carbon dioxide will depress the respiratory drive in all or ganisms, and blunt all responses to a skin incision in one-half of a normal adult population (one min imum alveolar concentration dose). Supplemental anesthesia is therefore superfluous during super carbia, because the anesthetic dosage is already 1.6--2.0 times the minimum alveolar concentration. Second, inhalation anesthetic agents such as halo thane and isoflurane are known to alter cerebral metabolic rates (Siesjo, 1978) , and their administra tion might obscure effects that occur with super carbia alone.
Because invasive measurements of cerebral met abolic changes consume brain tissue and cause CNS damage, it is difficult if not impossible to use such techniques to correlate metabolic recovery with neurologic outcome.
It has been shown that very rapid, noninvasive measurements of cerebral intracellular metabolites, including intracellular pH, can be accomplished in vivo with 3 1 p NMR techniques, allowing experi ments to be performed that would otherwise not be possible (Chance et al., 1978; Ackerman et al., 1980; Wemmer et al., 1982; Prichard et al., 1983; Hilberman et al., 1984) . We have employed such techniques during supercarbia, with the hope of ex tending the intracellular perturbations, experi mental techniques, and physiological conclusions of previous works. In this experiment, supercarbia was used in rats to produce greater changes in pHi than those caused by a IS-min period of complete ischemia, an insult known to cause neurologic in jury (Mabe et al., 1983; Naruse et al., 1983) . Su percarbia was induced without surgery, and meta bolic and neurologic recovery was followed in the same animals to see if low values of pHi are them selves deleterious. Vol. 5, No.4, 1985 
IN VIVO NMR
The fundamental principles of NMR spectros copy have been elegantly described (Abragam, 1961; Slichter, 1980) , and texts have recently ap peared that elaborate on the evolution of current in vivo spectroscopic methodologies (Gadian, 1982; James and Margulis, 1984) . This experiment, which was performed on the world's highest-field hori zontal NMR spectrometer, uses surface coil tech niques that allow in vivo measurements of phos phorous metabolites (Ackerman et aI., 1980) . Such techniques have been employed in studies of muscle (T aylor et al., 1983 ) and brain (Chance et aI., 1978; Naruse et aI., 1983 Naruse et aI., , 1984 Prichard et al., 1983) during metabolic stress.
A 31p NMR brain spectrum for one animal is plotted in Fig. 1 . The vertical axis, in arbitrary units, is proportional to the number of nuclei that contribute to the signal. Along the horizontal axis is the chemical shift 0, which is defined in parts per million units for any frequency f as [({ ref -f) ifi nstr ] X 106, where f ref is the resonance frequency for an arbitrarily chosen 31P-reference compound andfinstr is the Larmor frequency for 31p in the spectrometer. This spectrum is said to be "fully relaxed," because the lO-s recycle time between free induction decay accumulations allowed the 31 P magnetization to fully recover. The NMR technique is able to detect only those nuclei that are sufficiently mobile and adequately numerous (:? 1 mM concentration for 31p). Six resonances are identifiable in vivo in the high-field NMR spectrum of 31p, the naturally abun dant phosphorus isotope, although hundreds of phosphorous compounds are detectable in the brain with standard chemical techniques. The assignment of chemical identities to the six peaks, I3-ATP, a ATP, -y-ATP, PCr, Pi' and phosphomonoesters (PME), shown in the figure, is well established from NMR studies of chemical extracts (Glonek et aI., 1982) . Signal intensities for these metabolites, which are obtained by determining the areas under the peaks, are proportional to their relative concen trations. The development of an NMR technique for in vivo determinations of absolute concentrations is difficult, although one method has recently been de scribed (Thulborn and Ackerman, 1983) .
METHODS

NMR experiments
Five randomly chosen Sprague-Dawley rats weighing 350-400 g were anesthetized in a transparent chamber containing 4% isoflurane in oxygen. Anesthesia was judged to be sufficiently deep for endotracheal intubation when the respiratory rate fell below one breath/so At that time, the rat was removed from the chamber and placed supine on the laboratory bench. The tongue was gently retracted using an Allis clamp, the vocal cords were vi sualized using a Welych-Allen halogen lamp transillu minator, and the trachea was intubated under direct vi sion with a plastic 16-gauge angiocatheter, a procedure completed in all animals within 1 min after removal from the induction chamber. A Harvard rodent respirator (model 683) was then used to ventilate the animals with 0.5% isoflurane in oxygen. Muscle paralysis was achieved by an intraperitoneal injection of 2 mg of pan curonium. Each animal was then turned prone and placed on a cradle whose temperature was controlled at 39°C. A 14-mm (long axis), two-turn, elliptical-surface NMR de tection coil was placed over the head, and the associated balance-matched resonance circuit (Murphy-Boesch and Koretsky, 1983) was tuned to 95.9 MHz, the 31p operating frequency <finstr) of our 5.6-tesla horizontal-bore NMR spectrometer. The animal setup was then transferred into the home-built NMR instrument, which was configured about a Nicolet 1180/293B data system. Magnetic field homogeneity inside the brain was optimized by adjusting room-temperature shim currents until the line width for the IH resonance of water was <50 Hz. Free induction decays for phosphorus were acquired every second, and spectra were generated from 5-min data accumulations. The broad signal from bone was eliminated from the 31p spectrum by selective saturation (Gonzalez-Mendez et aI., 1984a) . After a control spectrum was obtained, iso flurane was discontinued and the inspired gas was changed from 0.5% isotlurane in oxygen to 70% CO2 and 30% 02' NMR measurements during supercarbia began 1 min thereafter, when a polarographic oxygen monitor indi cated that the delivered oxygen concentration was 30%. Three 5-min data accumulations were obtained. The gas mixture was then changed to 20% CO2 and 80% O2 for 5 min, to 10% CO2 and 90% O2 for 5 min, and then to 0.5% isotlurane and 99.5% oxygen for 30 min. Five-minute data accumulations were obtained throughout the recovery pe riod. Thirty minutes after supercarbia was discontinued, the time between acquisitions of free induction decays was lengthened to 10 s, and a fully relaxed NMR spec trum was obtained. The animal was then removed from the spectrometer, placed supine on soft towels in a re covery cage, and ventilated with 100% oxygen at a rate of 40 breaths/min. The orotracheal catheter was left in place unsecured, and the animal was allowed to extubate itself whenever it felt strong enough to do so. All animals were watched closely throughout the recovery period and for I h after extubation. The general health and behavior of the animals were checked every day for the first week after undergoing supercarbia and then once a week for 2 months.
NMR data analysis
Signal intensities of all metabolites were measured by cutting and weighing the peaks in the spectrum. Intensi ties in the control and fully relaxed spectra were com pared for each metabolite, and corrections for saturated magnetization were obtained and applied for the accu mulations with short recycle times.
pHi was determined from the parts per million chemical shift 0 of the Pi peak relative to the PCr resonance ac cording to the equation (Seo et aI., 1983) [
The determination of pHi from the Pi and PCr signals is based on the fact that these signals come predominantly from the intracellular space. This NMR method for de termining pHi in vivo has recently been reviewed and compared with invasive weak-acid biochemical methods (Petroff et aI., 1985) .
Arterial blood gas experiments
In this study it was important to have several days to observe those animals whose NMR spectra were ob tained. It was also important that perioperative surgical complications, such as infection, surgical trauma, and thromboembolism, not confound judgments regarding neurologic outcome after supercarbia. Thus, we con ducted parallel experiments outside the NMR spectrom eter to determine the average Pac02 that resulted after 15 min of mechanical ventilation with 70% carbon dioxide. Six animals first underwent femoral artery catheterization during isotlurane anesthesia, and then completed the same anesthetic and CO2 protocol used during the NMR experiments. Arterial blood gas measurements were made with a Corning model 178 blood gas analyzer using O.l-ml samples that were obtained prior to each change in the inspired gas mixture, and at 10, 20, and 30 min after discontinuing CO2, Measured arterial blood gas data [arterial pH (pHa) , Paco2, and Pao2l from the six animals were averaged for each time interval. Two methods were used to obtain the Paco2• The Henderson-Hasselbalch equation was used together with each animal's control blood gas measure ments to calculate the supercarbia value of Paco2 that was expected from the corresponding supercarbia measure ment of pHa. The result of the calculation was obtained by plotting the measured hemoglobin concentration (=3 g/IOO ml blood) and the control measurements of pHa and Paco2 onto the standard nomograph (Siggaard-Anderson, L. LlTT ET AL. 1963; Severinghaus, 1976) . This produced a value for the total CO2, which was then used together with the super carbia value of pHa to obtain the prediction for the su percarbia value of Paco2• In addition to calculating a su percarbia prediction for each Paco2• we measured Paco2 on the Corning blood gas analyzer. The Corning CO2 elec trode was calibrated for supercarbia with blood samples that had been equilibrated in a Corning model 192 pre cision gas mixer and set to COo tensions of 375 and 500 mm Hg with a Corning model 184 blood gas tonometer. The measured Paco2 that resulted in the rats after 15 min of ventilation with a 70% CO2 gas mixture was 490 ± 80 mm Hg (n = 6). The Paco2 that was calculated from the measured pHa using the Henderson-Hasselbalch predic tion was 440 ± 60 mm Hg.
The Pao2 values during supercarbia were used to cal culate the oxygen saturation of the hemoglobin. The se vere drop in pHa induced by supercarbia results in a con siderable right shift of the hemoglobin dissociation curve and a marked decrease in oxygen availability at low ten sions. Pao2 was 120 ± 20 mm Hg when pHa was 6.59 ± 0.03, which corresponds to an 02 saturation of 80 ± 10%.
Biostatistical analyses
The observed 31p NMR signal intensities, known to be proportional to the various metabolite concentrations, can be used to accurately measure relative metabolite concentrations within one animal (lies et aI., 1982) . How ever, the intensity of the NMR signals can fluctuate from one animal to the next as a result of variations in coil placement, shimming, the animal's anatomy and mag netic susceptibility, and other signal-to-noise factors. The metabolite signal intensities for each animal were com pared with those from the other animals by an analysis of variance technique for repeated measures (Glantz, 1981) . The BMDP statistical software package (Dixon, 1983 ) was used to perform the computer calculations. In addition to comparing all data for each metabolite, sep arate analyses were performed for the supercarbia data alone and for the recovery data alone. The ratio F of the variance between groups to that within groups was used to calculate p, the probability that rejecting the null hy pothesis was wrong. The null hypothesis states that the "treatments," supercarbia and recovery in our case, each cause no change in the measured metabolites, and that the variation among metabolite levels within those treat ment groups is most probably due to statistical fluctua tions.
Data sets that were inconsistent with the null hypoth esis were further examined. A single paired t test was performed using the control and I5-min supercarbia data to see if supercarbia caused a change in the metabolite signal. After this analysis was completed, the metabolite levels were normalized to their values in the control run, and the entire statistical analysis was performed again. Statistical comparisons were considered significant when p was <0.05.
RESULTS
The PCrl ATP ratio obtained from our fully re laxed control spectra (Fig. 1) is 1.90 ± 0.15. The same value for this metabolite ratio was also mea sured in one animal study where the muscle tissue was excised and the NMR coil was positioned di-J Cereb Blood Flow Metabol, Vol. 5, No.4, 1985 rectly above cranial bone. Our PCr/ATP ratio agrees with the value 1.9 ± 0.2 that was previously measured by NMR spectroscopy (Bottomley et aI., 1982) , although it is 20% larger than the value of 1.56 ± 0.05 that was obtained using invasive bio chemical techniques (Ponten et aI., 1973) . Because the PCr/ATP ratio in healthy skeletal muscle is 4.2 ± 0.5 (Arnold et ai., 1984) , we estimate the upper limit of muscle contributions to our brain spectra to be 11%.
Three 5-min 3Jp NMR spectra from one animal are shown in Fig. 2 . The bottom tracing shows the control spectrum, the middle tracing shows the spectrum obtained between to and IS min of su percarbia, and the top tracing shows the recovery spectrum taken 30 min after 70% CO2 was discon tinued. The Pi peak is clearly seen to be shifted to the right during supercarbia, indicating a decrease in pHi' A 25% diminution in the PCr signal (area under the peak) is also present, although no signif icant change in ATP is apparent. Figure 3 shows a comparison of intracellular and intraarterial pH values. The brain cells, which are better buffered than the blood, undergo a smaller decrease in pHi and a more complete recovery.
The NMR signal intensities for phosphorous me tabolites in the five animals were averaged for each time period to obtain Fig. 4 . The percentage change of each metabolite can also be determined for each animal by comparing each measured signal intensity c. with the one in that animal's control run. We have averaged these percentage changes to obtain Fig. 5 , in which each animal is used as its own control. All of the NMR signal intensities are given in Ta ble 1, along with all of the arterial blood gas data.
In the analysis of variance for repeated measures, the p values for the ATP data, no matter how they were grouped, were always �0.3. Statistical fluc tuations thus appear to account for all of the fluc tuations in the ATP signals.
For the other metabolites, supercarbia caused a change in intracellular pH of -0.63 ± 0.02 pH units (p < 0.0001), a change in per of -24 ± 5% (p = 0.01), a change in Pi of 38 ± 11% (p = 0.03), and a change in PME of 36 ± 19% (p = 0.13). The change in PME is not significant and is consistent with statistical fluctuations. The numbers given are the average values together with the mean standard error.
Two animals suffered sudden cardiac death in the Each animal was used to obtain its own control values. Be fore averaging the animal data to obtain the graph, the nu clear magnetic resonance signal intensity for each metabo lite was divided by the signal intensity in the control spec trum that was obtained at the start of the experiment. PCr, phosphocreatine; PME, phosphomonoesters.
NMR spectrometer after �8-1 0 min of supercarbia. Their NMR spectra paralleled those of the surviving animals up until their cardiac arre�ts, which were first noticed in the 30-s spectral updates that were being routinely calculated by the spectrometer's computer. The data obtained from these animals be fore their cardiac arrests were not included in our analyses. The five animals that survived super carbia in the NMR spectrometer appeared com pletely normal 5 h after the 2-mg pancuronium in jection that was given at the start of the experiment. They were subsequently observed to behave nor mally and have no apparent health problems for 2 months.
DISCUSSION
The changes observed in the 31p NMR spectra, illustrated in Fig. 2 , are qualitatively similar to those observed during mild hypoxic hypoxia, a met abolically reversible state that is believed to have good neurologic outcome (Gonzalez-Mendez et al., 1984b) . In contrast, the 31p NMR changes during supercarbia are markedly different from those ob served after an equivalent period of global ischemia (Gonzalez-Mendez et ai., 1984b; Naruse et ai., 1984) , which produces irreversible metabolic changes and neurologic injury.
The metabolite changes observed during super carbia are also qualitatively similar to those ob tained from the use of invasive methods (Siesj6 et al., 1972) . The change in pHa was greater than the pH change in the cerebral intracellular space, which is known to be better buffered. Because there is a complete metabolic and neurologic recovery after Values are means ± SD, n = no. of animals; PCr, phosphocreatine; PME, phosphomonoesters; pH" arterial pH. " Metabolite levels are given as nuclear magnetic resonance signal intensities in arbitrary units, and relative to that metabolite's signal intensity in the control data set.
b Time at the moment that the data accumulation was finished. The zero time point is taken to be that instant when the control data accumulation ended.
'p < 0.0001. d P = 0.01. e p = 0.30 (not statistically significant). f p = 0.03. g p = 0.'3 (not statistically signilicant).
an intracellular pH decrease of 0.63 pH unit, an amount associated with ischemic injury in rats, we conclude that changes of this size in hydrogen ion concentration do not, by themselves, induce or in dicate injury. The 24% decrease in intracellular PCr that we measured at a P a co 2 of 490 ± 80 mm Hg is, how ever, significantly smaller than that predicted from the 40% PCr decrease seen in an earlier invasive experiment with P aco 2 near 266 mm Hg (Siesj6 et aI., 1972) . The two experiments were somewhat dif ferent in that the other group used halothane to sup plement the anesthetic action of carbon dioxide and also a longer period of hypercarbia before mea suring PCr. It should be noted that the chemical analysis of extracted muscle tissue consistently re sults in larger ADP concentrations than those de termined from in vivo NMR measurements of phos phate metabolites in muscle (Gadian et aI., 1982) , This is attributed to the fact that NMR senses the nuclei in unbound molecules, and predicts only the amount of free ADP that is available to participate in the creatine kinase reaction. The larger ADP levels determined by chemical analysis apparently result from ADP being stripped from macromolec ular binding sites during the extraction process. The smaller decrease in PCr, however, implies that we have detected a carbon dioxide-induced change in free ADP, where none was seen before (Siesj6 et aI., 1972) . This can be appreciated more completely from the appropriate equations.
The equilibrium equation for the creatine kinase (Erecinska and Wilson, 1982) .
Other measured values of R for the normal rat brain are within 20% of this (Siesj6 et aI., 1972) . We have calculated an R of 1.07 by combining our measured PCrl ATP ratio with the intracellular ATP concen tration and total creatine pool (PCr + Cr) that were measured by Siesj6 et ai. (1972) .
If neither ATP nor ADP changes, as was con-cluded in the experiment of Siesj6 et al. (1972) , then our (PCr2/PCr I ) should be 0.34, which is >3 SDs smaller than the observed value of 0.75. It is possible that our NMR detection coil re ceives as much as 11% of its 3Ip NMR signal from muscles in the rat's head. Muscle tissue, however, has an R value of 2.87 (Meyer et aI., 1982) , and the observation of 100% muscle would, according to the same formulas and assertions, be accompanied by the prediction of 0.53 for the observed ratio of (PCr 2/PCr I )'
We believe it is reasonable to assume that the creatine kinase reaction is in equilibrium, and to conclude from the noted PCr discrepancy, using the formulas above, that there was a 60% decrease in the free ADP concentration. The measured 38% in crease in Pi and the calculated factor of three de crease in free ADP imply that there is a factor of two increase in the cytosolic phosphorylation po tential (Veech et aI., 1979) , [ATP]/([ADP] x [Pi]) after 15 min of supercarbia. This in turn implies a decrease in the rate of oxidative phosphorylation (Erecinska and Wilson, 1982) . Studies with an in spired CO2 concentration of 20% have . shown th�t the rat brain experiences a 10-40% Increase In CMR02 (Miller et aI., 1975; Berntman et aI., 1979) . A review of hypercarbia experiments suggests that higher carbon dioxide tensions, such as those used in this experiment, reduce CMR02 (Siesj6, 1980) , although this remains to be shown experimentally.
NMR measurements in muscle (Meyer et aI., 1982) have set an upper limit for the concentration of free ADP that is considerably lower than that measured by invasive chemical methods. The cal culated value of [ADP] in 3 I p NMR muscle exper iments is close to theoretical predictions based on the equations of enzymatic equilibria (Veech et aI., 1979) . NMR phenomena such as an increase in the PCr magnetic relaxation rate that occurs only during supercarbia are not believed to happen at a magnitude that could account for the smaller change in PCr that we observe during supercarbia.
There is an apparent conflict, then, between our NMR measurements, which indicate that free ADP concentrations are decreased during CO2 adminis tration, and the results of Siesj6 et al. (1972) , which measure total ADP concentrations to be un changed. The results of the two experiments are reconcilable, however, when one realizes that the free ADP concentration could change during super carbia, while the much higher total concentration of ADP, as determined by chemical analysis, does not change, because it includes ADP stripped from macromolecules during the extraction process.
CONCLUSION
This experiment extends the metabolic stress produced by previous hypercarbia brain experi ments. It uses a new noninvasive in vivo method ology, NMR spectroscopy, to obtain qualitative agreement with previous experiments regarding the behavior of intraceIlular metabolites during the carbon dioxide stress. However, despite the good quantitative agreement regarding intracellular pH changes, there is a 3-SD quantitative disagreement regarding the percentage decrease in PCr seen during supercarbia. We have attributed the discrep ancy to a factor of three decrease in the cytosolic concentration of free ADP. It is also possible that halothane, which was used during hypercarbia in the other experiment, had some effect on the intra cellular energy state.
This experiment also extends the use of in vivo NMR techniques in the study of brain injury and brain protection. By reporting for the first time the neurologic outcome for each animal whose cerebral metabolite pattern was measured, we have shown that in vivo NMR techniques now permit measure ments of CNS metabolic changes to be directly cor related with neurologic function in the same or ganism. Our methods also demonstrate that inv�s tigations of the brain will continue to reqUlre parallel studies and biostatistical analyses, so that data obtained invasively can be linked with NMR studies.
The complete metabolic and neurologic recovery of the animals in this experiment shows that a 4.3fold increase in cerebral intracellular hydrogen ion concentration does not, after 15 min, indicate or cause brain injury under conditions of deep anes thesia and adequate oxygenation and perfusion. This is in contrast to hydrogen ion increases of the same magnitude that occur after 15 min of damaging global ischemia. Such increases during ischemia are generally believed to have a role in the formation of brain edema and del eterious biochemical changes (Siesj6 et aI., 1985) .
Because a similar fall in intracellular pH must have occurred in all organ systems after the sys temic administration of CO2, our conclusion that the hydrogen ion increase was not toxic applies to the entire animal.
